The Myc/Max/Mad transcription factor network is critically involved in cell behavior; however, there is relatively little information on its genomic binding sites. We have employed the DamID method to carry out global genomic mapping of the Drosophila Myc, Max, and Mad/Mnt proteins. Each protein was tethered to Escherichia coli DNA adenine-methyltransferase (Dam) permitting methylation proximal to in vivo binding sites in Kc cells. Microarray analyses of methylated DNA fragments reveals binding to multiple loci on all major Drosophila chromosomes. This approach also reveals dynamic interactions among network members as we find that increased levels of dMax influence the extent of dMyc, but not dMnt, binding. Computer analysis using the REDUCE algorithm demonstrates that binding regions correlate with the presence of E-boxes, CG repeats, and other sequence motifs. The surprisingly large number of directly bound loci (∼ 15% of coding regions) suggests that the network interacts widely with the genome. Furthermore, we employ microarray expression analysis to demonstrate that hundreds of DamID-binding loci correspond to genes whose expression is directly regulated by dMyc in larvae. These results suggest that a fundamental aspect of Max network function involves widespread binding and regulation of gene expression.
The Myc, Mad, Max network comprises a group of widely expressed transcription factors, which function in cell proliferation and differentiation. This network includes members of the Myc and Mad families, the Madrelated protein Mnt, and Mga. All of these proteins possess basic helix-loop-helix zipper domains (bHLHZ), which mediate dimerization with the small bHLHZ protein Max, thereby forming heterodimers capable of recognizing the E-box sequence CACGTG . Although Max homodimers lack transcriptional activity, recent evidence suggests that the transcriptional activities of Max heterodimers derive from their ability to recruit chromatin-modifying complexes to DNA Eisenman 2001) . For example, Mad family proteins directly bind the mSin3-histone deactylase corepressor complex permitting Mad-Max heterodimers to target histone deacetylation at E-box binding sites (Laherty et al. 1997; Bouchard et al. 2001) . Myc proteins associate with the TRRAP coactivator, which in turn binds the histone acetyltransferase, GCN5, permitting Myc-Max dimers to direct acetylation of histones at E-box binding sites (McMahon et al. 2000; Bouchard et al. 2001; Frank et al. 2001) . Furthermore, Myc is known to bind and inhibit the function of the transcription factor Miz-1, leading to E-box-independent repression of Miz-1 activated targets such as p15 INK4b and other cyclin-dependent kinase inhibitors (Staller et al. 2001; Ziegelbauer et al. 2001; Seoane et al. 2002) .
The varied activities of Max network proteins are manifested during proliferation and differentiation. Mad family proteins are generally induced during terminal differentiation and act to limit cell proliferation (Zhou and Hurlin 2001) . Myc proteins are induced in response to a large number of growth factors and cytokines and may serve to integrate these external signals to sustain growth and proliferation. Targeted deletion of either Nmyc or c-myc leads to early embryonic lethality in the mouse (Stanton et al. 1992; Davis et al. 1993 ) and recent studies demonstrate that myc gene function is essential for hematopoiesis and organogenesis (de Alboran et al. 2001; Douglas et al. 2001; Trumpp et al. 2001; Knoepfler et al. 2002) . Deregulated overexpression of myc genes leads to malignant transformation, genetic instability, and apoptosis. In contrast to Myc and Mad, Max is a stable, constitutively expressed protein acting primarily as an obligate dimerization partner permitting Myc and Mad proteins to associate with DNA.
The Max network is highly conserved and Drosophila orthologs of vertebrate Myc and Max (dMyc and dMax) have been identified and characterized previously (Gallant et al. 1996; Schreiber-Agus et al. 1997; Johnston et al. 1999) . More recently, a fly ortholog of mammalian Mad/Mnt was identified (termed dMnt; Bourbon et al. 2002; L.W.M. Loo and R.N. Eisenman, in prep.) . Whereas vertebrates possess families of myc and mad genes, Drosophila myc, max, and mnt have no paralogs. Both dMyc and dMnt form heterodimers with dMax that specifically bind CACGTG. Whereas dMyc-dMax heterodimers activate transcription, dMnt-dMax associates with Drosophila Sin3 and represses transcription in an E-box-dependent manner (Gallant et al. 1996 ; L.W.M. Loo and R.N. Eisenman, in prep.) . Moreover, similar to mammalian myc, dmyc is capable of cotransforming primary mammalian cells and rescuing the proliferation defect in c-myc null fibroblasts (Schreiber-Agus et al. 1997; Trumpp et al. 2001) . Furthermore, both vertebrate and Drosophila myc regulate cell growth. The molecular and biological similarities between Drosophila and vertebrate Myc, Max, Mad, Mnt proteins coupled with the availability of Drosophila genetic tools and the complete genome sequence (Rubin et al. 2000) make Drosophila an attractive system to carry out a systematic analysis of genomic binding by the network. In this study, we have employed the recently devised DamID method van Steensel et al. 2001) in which a bacterial DNA methylase, fused to dMax network transcription factors, is used to "mark" DNA-binding sites in living cells.
Results
To identify genomic binding regions for Max network transcription factors we prepared fusion proteins consisting of the bacterial DNA adenine methylase (Dam) linked to the C termini of full-length dMax, dMnt, and dMyc as well as to the N terminus of dMyc. In each case, the transcription factor sequence was separated from Dam by a 9E10 (human Myc tag) peptide, permitting detection of the fusion protein with 9E10 antibody (see Materials and Methods for details). All of these fusion proteins were found to localize to the cell nucleus and activated (dMyc-Dam and Dam-dMyc) or repressed (dMnt-Dam) transcription from a synthetic reporter gene similar to their vertebrate orthologs . In contrast, the tagged Dam protein alone, or a Myc mutant (amino acids 1-624) lacking the bHLHZ domain, had no effect on E-box-dependent transcription (data not shown; see Materials and Methods). These results indicate that fusion with Dam does not impair the functions of dMyc and dMnt. In order to ensure low levels of expression, the chimeric proteins were expressed separately in Drosophila Kc cells under control of the heat-shock promoter, but in the absence of heat-shock . At 24 h posttransfection, genomic DNA was extracted. Subsequently, 0.1-2-kb fragments generated by digestion with DpnI (which cuts only at G m6 ATC) were purified by sucrose gradient centrifugation, labeled with the fluorochromes Cy5 (chimeric proteins) and Cy3 (Dam alone, serving as a reference for nonspecific binding/accessibility) and cohybridized to a Drosophila cDNA array that contains 6255 cDNAs and ESTs, representing roughly half of Drosophila coding sequences. Targeted sequences were identified based on the Cy5:Cy3 fluorescence ratio van Steensel et al. 2001 ; see Materials and Methods). The binding data for each protein on the entire array (chromatin profile) were generated as described previously (van Steensel et al. 2001) . A set of statistical tests, as well as a "self on self" experimental set (dMnt-Dam vs. dMnt-Dam), were used to establish statistically significant targets and assess experimental noise (see Materials and Methods; Supplemental Material S3 for access to raw DamID binding data).
Comparative chromatin profiling of Max network proteins
Having established chromatin profiles and a statistically significant set of binding targets for each of the network proteins, we compared the profiles derived from experimental sets for each of the network proteins to examine binding overlap among the different members. Figure 1A is a scatter plot comparison between the chromatin profiles of dMnt and dMax in which we compare separate binding data sets for each protein. These profiles show a high degree of similarity (correlation coefficient, r = 0.49) with both proteins displaying statistically significant binding to the same 258 genes (Fig. 1A , purple points). Many genes are not bound by either protein (Fig. 1A , gray points). We also found that increasing dMax levels had no effect on dMnt genomic binding (data not shown). The Venn diagrams in Figure 2 depict the number of overlapping and nonoverlapping genes. Overlapping genes represent 60% of the total genes occupied by dMnt and 40% of dMax bound genes ( Fig. 2A) . DamID analysis of binding by GAF, a transcription factor unrelated to dMax network proteins (van Steensel et al. 2003) , shows only minimal overlap with dMnt bound loci (r = 0.11; Fig. 2F ), further supporting the idea that the overlap detected among dMax network proteins is specific.
A similar comparison of data sets derived from dMax and dMyc produced a surprising result (Fig. 1B) . First, dMyc was recruited to a considerably smaller number of genes (22) than either dMax or dMnt (646 and 429 respectively; see Fig. 2B ). Second, the dMax binding profile displayed little overlap with binding by either the Cterminal or N-terminal fusions of dMyc to Dam ( Fig. 2B ; data not shown). We asked whether dMax might be lim-iting for dMyc binding under our experimental conditions and therefore we expressed relatively higher levels of nonfused dMax along with the N-Dam-dMyc fusion (see Materials and Methods). As shown in Figures 1C and  2C , dMyc recruitment to targets and the binding profile overlap between dMyc and dMax were dramatically enhanced when dMax levels were augmented. Under these conditions the dMyc fusion associated with 287 targets, 96 shared with dMax (33.4%) and 73 (25.4%) shared with both dMnt and dMax (cf. Fig. 1B ,C and the Venn diagrams in Fig. 2B ,C,F). Augmented expression of dMax also resulted in increased overlap between dMyc and dMnt binding profiles, resulting in an overlap of 113 genes (39%; Figs. 1D,E, 2D-F). Myc recruitment to the majority of these target genes depends on functional dMax as the vast majority of the targets were not bound by dMyc when dMax lacking its leucine zipper domain (residues 91-119 deleted) was coexpressed (data not shown). Because the zipper region is essential for Max's ability to heterodimerize this result demonstrates that association between Myc and Max proteins is most likely responsible for the increased overlap between identified target genes. Nonetheless, although dMax levels were limiting for Dam-dMyc binding, a substantial number of dMyc targets did not overlap with either dMax or dMnt in the presence of either low or high dMax levels (17 and 152 unique Myc targets respectively; Fig.  2B ,F; see Discussion). These findings suggest that dMax is limiting for dMyc binding to certain targets in Kc cells. Furthermore, the fact that dMax binds a subset of sites distinct from those bound by dMnt and dMyc implies that dMax heterodimerizes with an as-yet-unidentified factor (see Discussion).
Distribution of dMax network binding loci
Of 6255 genes represented on the array, 968 (15.4%) were found to associate with one or more dMax network pro- teins. The distribution and overlap is depicted in the Venn diagram in Figure 2F . Previous work showed that significant and specific methylation by tethered Dam occurs within 1.5-2 kb of the DNA-binding site permitting us to link binding regions detected on the array with a map of Drosophila chromosomes ( Fig. 3A; see Discussion). Extensive binding of all three proteins was observed on the four major Drosophila chromosomes (Fig. 3A) ; however, repetitive DNA elements displayed relatively few binding sites despite the presence of E-boxes (e.g., Tirant; Fig.  3B) . Even the low level of binding to repeats was not reproducible on identical repeats spotted multiple times on the array (e.g., the 297 and 412 repeats) and may therefore represent false positive hits. A previous DamID analysis showed that many of these repetitive elements are bound by Drosophila HP1 (heterochromatin protein 1), suggesting the lack of dMax network protein binding is likely to be specific, and not attributable to technical limitations or a generalized exclusion of chromatinbinding factors from this region (van Steensel et al.
2001
). Therefore, although dMax network protein binding to chromatin is widespread, it appears to exclude specific regions, at least some of which are silenced regions associated with heterochromatin.
Binding regions correlate with E-box sequences as well as other motifs
The E-box sequence CACGTG and several related sequences are binding sequences for vertebrate and Drosophila Myc, Max, and Mad/Mnt proteins (Blackwell et al. 1990 (Blackwell et al. , 1993 Blackwood and Eisenman 1991; Solomon et al. 1993; Gallant et al. 1996; James and Eisenman 2002; L.W.M. Loo and R.N. Eisenman, in prep.) . To determine whether such sites are represented in our binding regions and to substantiate our in vivo-binding results, we applied an unbiased bioinformatics method, the REDUCE algorithm. REDUCE identifies putative regulatory sequences of 8 bp or less whose presence correlates with binding (Bussemaker et al. 2001 ; for review, see Li 2002) . The REDUCE algorithm employs the binding profiles of the entire array without any preclustering or cut-off data restrictions. The readout of the REDUCE search is a list of distinct motifs with their statistical significance and (positive) regression coefficients quantifying their contribution to binding to the locus in which they occur. As shown in Table 1 , binding sites for the canonical E-box CACGTG display significant correlation with the dMnt binding log-ratio (p < 10 −12
; Table 1A ). However, the CACGTG correlated with dMyc binding only in the presence of high levels of coexpressed dMax (p < 10 −12 ; Table 1C ). A high correlation with short CG repeats may reflect a previously noted preference for binding by Myc and Mad to E-boxes that contain CG in flanking regions Solomon et al. 1993; James and Eisenman 2002) . When exogenous dMax levels are low, only ATrich motifs correlate with binding (see Supplemental Material S5).
Interestingly, REDUCE analysis also identified other sequence motifs that correlate with binding. Because of their high degree of association with Max network binding sites these motifs may serve as binding sites for factors that cooperate with dMyc and dMnt. One such putative binding site is the palindromic sequence TATC GATA (DNA replication element, DRE), a sequence reported near genes involved in cell proliferation and growth (Hirose et al. 1993 (Hirose et al. , 2001 Jasper et al. 2002; Table 1, bold) . The DRE was shown to be a consensus binding element for several factors: DREF (DNA replication element factor, a factor associated with the TRF2 complex; Hochheimer et al. 2002) , Cut (a repression component within the Notch pathway; Jackson and Blochlinger 1997; Nepveu 2001) , and BEAF32 (a boundary element associated binding factor; Zhao et al. 1995) . Interestingly, REDUCE analysis demonstrates that the DRE sequence was the most significant motif among dMax targets ( Table 1 ), suggesting that dMax is involved in as yet unidentified complexes (see Discussion). 
Binding regions are proximal to genes implicated in Max network functions as well as genes regulated by dMyc
We sorted dMax network binding sites into functional groups using the Drosophila Gene Ontology database (GO; http://www.godatabase.org), a gene annotation system (Ashburner et al. 2000) . Table 2 is a partial list of annotated gene targets. Our screen reveals both novel and previously described pathways and target genes associated with dMax network function (see Discussion). The complete binding profiles and partial annotation can be found as Supplemental Material (S1, S2).
We next asked whether the binding loci defined by
DamID in Kc cells could be identified as dMyc-responsive genes in the rapidly growing third instar larvae. Using the heat-shock Flp/Gal4 method (Pignoni and Zipursky 1997; Neufeld et al. 1998) , we have generated transgenic flies expressing a marker GFP and dMyc, or GFP alone, both under UAS control. Total RNAs collected from either Myc-expressing or control larvae 7 and 14 h after heat-shock induction were Cy3;Cy5 labeled and hybridized to the same Drosophila microarrays used for the DamID experiments (see Materials and Methods). Statistically significant mRNA expression changes were defined for 845 genes: 544 genes activated and 301 repressed (see Supplemental Material S1, S4). Comparison of the dMax network DamID binding profile with the For each spot on the microarray the Berkeley Drosophila Genome Sequence Release 2 was used to generate an associated DNA region comprising the sequence of the array probe plus 2 kb flanking region. The Matches column indicates the total number of matches to the motif in the combined sequences. The Loci column indicates the number of sequences with at least one match. F represents the regression coefficient for a given motif. R 2 equals the square of the Pearson correlation between the binding log ratio and the motif count (see Materials and Methods). All oligonucleotides of up to 8 bp in length were tested in parallel. Only the most significant motifs (p < 10 −4 ) with a positive correlation are shown. E-box and DRE sequences are depicted in bold. Complete REDUCE results available in Supplemental Material S5.
gene expression profile indicates a high degree of overlap (Fig. 3 , purple and pink arrows; Table 3 ). The highest degree of correlation between binding and expression was observed for loci that are bound by both dMyc and dMnt (60%) and by all three Max network proteins (48% ;  Table 3 ). Furthermore, applying the REDUCE algorithm to the gene expression profile revealed a significant correlation with E-box and DRE sequences, supporting the notion that our binding loci correspond to transcriptionally regulated genes (see Supplemental Material S5).
Within the group of genes bound by both dMyc and dMnt no genes were found to be repressed by dMyc, reinforcing the notion that the distinct biological effects of dMyc and dMnt derives from their opposing transcriptional functions (see below). Of the total dMax network targets identified by DamID and whose expression is dMyc regulated (253), the majority (232) were activated and only 21 repressed. Thus, the other 280 repressed genes are likely to be due to indirect or downstream effects of dMyc.
Chromatin immunoprecipitation analysis of dMyc and dMnt binding and histone acetylation at the bic locus
We employed chromatin immunoprecipitation (ChIP) to assess whether dMyc and dMnt bind the same site proximal to a DamID-identified target gene and alter the status of histone tail acetylation. We chose Bicaudal (bic), as an example of a gene that displayed binding by dMyc, dMax, and dMnt ( Fig. 1 , bic is circled) and whose mRNA is also induced by dMyc in our expression analysis. bic is related to vertebrate BTF3, a general transcription factor whose expression was found to correlate with c-Myc in a global expression study (Zheng et al. 1987; Watson et al. 2002) . bic possesses one E-box in the vicinity of its transcriptional start site (Fig. 4A) . Using the ChIP assay we specifically detect dMyc and dMnt association with the bic E-box region in cells overexpressing each protein (Fig.  4B , cf. IgG control lanes 3,4 and dMyc binding lanes 5,6, and dMnt binding lanes 7,8). Importantly, binding by dMyc and dMnt alters the status of endogenous histone acetylation at this site: dMyc binding correlates with hyperacetylation of both histones H3 and H4 (Fig. 4B , lanes 11,13), whereas dMnt binding correlates with deacetylation (Fig. 4, lanes 12,14) . These findings support the notion that dMyc and dMnt are capable of alternate occupation of the same binding site, as predicted from the DamID data, and promote opposing changes in chromatin modification.
To determine whether the endogenous dMnt protein occupies the bic locus E-box, we induced Kc cell differentiation using ecdysone. Other work has shown that dMnt is induced during differentiation and by ecdysone in pupal stages (L.W.M. Loo and C. Thummel, unpubl.). Figure 4C shows that endogenous dMnt associates with the bic E-box only following ecdysone treatment (Fig.  4C , cf. lanes 6 and 7). Similar experiments with endogenous dMyc were not feasible because of the inability of our antibody to detect the low levels of endogenous protein. Importantly, dMnt binding correlates with deacetylation of histone H3 and H4 (Fig. 4C, lanes 8-12) , consistent with the ability of dMnt to recruit a mSin3-HDAC complex to its binding site (L.W.M. Loo and R.N. Eisenman, in prep.).
Discussion
A significant gap in our understanding of the function of many transcriptional regulatory proteins has been the lack of comprehensive identification of their in vivo binding sites and the genes whose expression they regulate. This problem is especially pertinent for transcription factors such as Myc, Mad/Mnt, Max, and other members of the Max network that function as relatively weak transcriptional regulators, whose consensus binding site is ubiquitous, and whose expression elicits profound effects on cell growth and proliferation. Standard methods of target gene evaluation do not reliably differentiate between genes bound and directly regulated by Myc and Mad from genes whose expression is altered as a secondary or later consequence of Myc or Mad induction. In principle, it is important to know about both sets of genes, but it is also crucial to distinguish between them. The DamID method employed in this paper permits determination of transcription factor binding site regions in live cells and is not dependent on chemical cross-linkers or PCR primers. Because it involves "marking" of DNA in chromatin by a methyltransferase linked to a transcription factor, even transient or low affinity interactions with DNA, as well as proximity to regions Column A subgroups: targets were sorted according to subgroup specification as reflected in Figure 2F . Column B: Number of loci detected as statistically significant DamID targets. Column C: Number of genes that are depicted in column B that also show dMyc-regulated gene expression changes.
distal to the binding site (through looping or higher-order folding), might be detected van Steensel et al. 2001 ). Because we used a cDNA array to detect targeted methylation regions, only binding sites within a few kb of transcription units are detected. Therefore, our enumeration of dMax network binding sites is likely to be an underestimate. The mapping resolution also does not permit precise pinpointing of the binding site within each probed locus, although the REDUCE analysis strongly suggests that E-box motifs within target loci mediate the protein recruitment (e.g., as for bic; Fig. 4 ).
The validity of our approach is strongly supported by several lines of evidence. First, the degree of overlap between dMyc, dMax, and dMnt binding regions (Fig. 2) is consistent with the relationship between E-box binding and heterodimerazation with Max established previously for the vertebrate proteins as well as for their orthologs in Drosophila (Blackwood and Eisenman 1991; Ayer et al. 1993; Zervos et al. 1993; Gallant et al. 1996; L.W.M. Loo and R.N. Eisenman, in prep.) . Importantly, the GAGA factor, a ubiquitous transcription factor unrelated to the dMax network, displays only minimal overlap with dMnt binding sites (Fig. 1F) , suggesting our results are specific for binding by dMax network transcription factors. Furthermore, studies in mammalian cells have shown both overlapping and nonoverlapping functions and target genes for Myc and Mad proteins (O'Hagan et al. 2000; Iritani et al. 2002; James and Eisenman 2002) in agreement with our DamID findings. Second, using a ChIP assay, the direct binding of dMyc and dMnt to a DamID-defined target gene, bic (bicaudal), was demonstrated (Fig. 4) . In addition, the mammalian orthologs of at least 18 genes identified as binding targets for dMyc, dMax, and dMnt in our study have been demonstrated to be direct targets for vertebrate Myc using ChIP (Fernandez et al. 2003) and are indicated in Figure  3 . Third, application of the REDUCE algorithm, which correlates binding with the occurrence of DNA sequence motifs (Bussemaker et al. 2001 ) reveals a statistically significant correlation between the E-box CACGTG and the presence of dMnt binding regions. CACGTG enrichment also correlated with dMyc binding in the presence of high dMax levels, for dMax binding in the presence of high dMyc levels, and for genes whose expression is modulated by dMyc. Fourth, a substantial set of target genes identified in our Drosophila gene expression microarray analysis, employing larvae overexpressing dMyc, correspond to target genes defined by DamID ( Fig.  3 ; Table 3 ; Supplemental Material S1). In addition, target genes identified here are in accord with genes regulated by Myc and Mad as described in several recently published gene-expression studies in vertebrate systems (Coller et al. 2000; Guo et al. 2000; Boon et al. 2001; Neiman et al. 2001; Schuhmacher et al. 2001; Iritani et al. 2002) .
Drosophila Max network binding sites define biological functions of the network
We have used the Drosophila Gene Ontology Database to derive an unbiased classification of genes associated with dMax network binding regions (see Table 2 for a partial list; for complete list, see Supplemental Material S2). Many of our dMax network targets identified are genes that fit well with the established biological functions of Myc and Mad. In addition, a significant number of targets point to new pathways likely to be regulated by the network. Our data demonstrate both binding to, and regulation of, genes encoding proteins broadly involved in biosynthetic processes, in accord with genetic and biochemical analyses demonstrating that Myc is involved ,8) , acetylated histone H3 (lanes 11,12) , and acetylated histone H4 (lanes 13,14) . ChIP using genomic extracts derived from dMyc-expressing cells (odd-numbered lanes) or dMnt-expressing cells (even-numbered lanes) is described in Materials and Methods. Input, 2 ng non-IP genomic DNA; bic, the bic E-box specific primers; kis, control primers for the kis gene promoter serving as a loading control; ␣IgGp and ␣IgGm, Anti-mouse polyclonal and monoclonal IgG antibodies. Enrichment is represented as the ratio between the bic and the kis PCR products as described in Materials and Methods. (C) Ecdysone treatment leads to endogenous dMnt recruitment to the bic promoter and correlates with deacetylation of histone H3 and H4. Ecdysone treatment and ChIP were as described in Materials and Methods. Amplification linearity was tested in the presence of ecdysone (lanes 2-4) . All other abbreviations are as depicted in Figure 4B . in cell growth in Drosophila and vertebrates (Schmidt 1999; Schuhmacher et al. 1999; Kim et al. 2000; de Alboran et al. 2001; Douglas et al. 2001) , and from earlier global gene expression studies (see http://www.myccancer-gene.org/index.asp for a compilation of candidate target genes; Guo et al. 2000; Boon et al. 2001; Neiman et al. 2001; Schuhmacher et al. 2001) . Our DamID binding loci also include genes involved in cell cycle and DNA replication (Table 2 ). Our list of putative dMax network targets also reveals potential novel pathways such as mitochondrial biogenesis and function, as well as vesicular transport. Other pathways known to be linked to Myc such as apoptosis, proteolysis, and the immune response are also reflected in our list of dMax network target genes as are a number of transcription factors (Table 2) .
Widespread genomic binding by the dMax network
Our findings demonstrate a surprisingly large number (968) of binding sites for proteins of the dMax network (Fig. 2) . Considering that the array represents a random sampling of ∼ 50% of Drosophila coding regions, a conservative estimate is that dMax network proteins interact with ∼ 2000 genes, and, as mentioned above, this is likely to be an underestimate. It is important to note however that dMax network proteins do not bind profligately to DNA, as evidenced by the low degree of overlap with GAGA factor, the general correlation of E-box sequences with binding, and the lack of association with repeat elements linked to HP1 binding previously. HP1 is predominantly localized to pericentric heterochromatin, and its binding is associated with silenced chromatin structure (James et al. 1989) . The lack of association of dMyc, dMax, or dMad with such elements may indicate that the network proteins are primarily associated with genes that are subject to ongoing transcriptional modulation. These findings are in accord with extensive ChIP assays carried out by Fernandez et al. (2003) in human cells. That study suggests that 8%-10% of cellular genes associate with Myc and in general display enhanced histone H3 and H4 acetylation.
The large number of binding sites and regulated target genes identified in this study contrasts with earlier ideas of Myc function that posited a small number of critical targets. However, not all binding sites necessarily result in direct transcriptional regulation by dMax network factors. This is evident from our dMyc-dependent gene expression data carried out in growing third instar larvae. At this developmental stage, 31% (89/287) of our Myc binding loci (as determined in Kc cells) displayed altered mRNA epression in larvae. Of genes that were detected as overlapping targets of all three proteins or of only dMyc and dMnt, 48.6% and 60.5% respectively, displayed concomitant changes in mRNA levels upon Myc induction ( Fig. 3; Table 3 ). Interestingly, Fernandez et al. (2003) describe Myc binding and histone acetylation at mammalian genes whose expression does not appear to change in response to induction of Myc. One possible explanation is that Myc binding to a subset of genes, although not immediately affecting gene expression, confers a permissive state on chromatin allowing binding by other cis-acting factors at later times.
The many dMax targets detected that are shared with dMyc and dMnt most likely represent binding by dMycdMax and dMnt-dMax heterodimers. However, the extent of nonoverlap between binding sites for these proteins is more extensive than expected. For example, we found that dMax expressed at low levels binds to 365 genes that do not overlap with either dMnt or dMyc targets. However, 15% of these binding loci are regulated by dMyc in our larval expression analysis. Thus, the degree of overlap is probably influenced by the temporal pattern and levels of dMyc expression. This has implications for tumorigenesis where vertebrate Myc proteins are often dramatically overexpressed. Our work provides evidence that such overexpression may shift the spectrum of target genes relative to those expressed in normal cells.
Max homodimers bind E-boxes with relatively low affinity and in mammalian cells are inhibited by phosphorylation from binding DNA (Berberich and Cole 1992; Koskinen et al. 1994 ). Although we do not know whether dMax homodimers are similarly blocked from binding to DNA in vivo, we favor the idea that the large number (365) of unique dMax binding sites and the lack of correlation with E-boxes reflects dimerization and DNA binding by dMax with as-yet-unidentified interacting proteins. Interestingly, in mammalian cells Max has been found, in association with the bHLHZ protein Mga, in E2F6 repression complexes (Ogawa et al. 2002) . Similarly, unique sites found for dMnt and dMyc may represent non-E-box DNA binding through formation of higher-order complexes. For mammalian Myc, interaction of Myc-Max heterodimers with the Miz-1 protein has been shown to direct Myc to non-E-box sites (Staller et al. 2001) . It is likely that associations with other partners may redirect dMyc and dMnt to unique binding sites. If so, our findings indicate that such interactions may be extensive and are an important part of dMax network function.
The canonical E-box sequence alone is unlikely to be sufficient to determine specific binding by dMax network proteins and, indeed, many E-box-containing promoters are not associated with Max network proteins (Bouchard et al. 2001; Fernandez et al. 2003) . One possibility is that other sequences in the vicinity of an E-box may play a role in target gene specificity. For example, the DRE, which correlated with binding of all three dMax network proteins is located within <1 kb of many of our E-box sequences. Therefore, it is tempting to hypothesize that the DRE operates in cis with adjacent Eboxes to recruit protein complexes that will either promote activation or repression. Alternatively, the proximity of DRE and E-box sites may reflect coordinate regulation of the same genes through distinct signaling pathways.
In addition, REDUCE analysis has revealed a number of unexpected correlations. For example, we found association between dMyc and AT-rich sequences when dMax levels are limiting (Supplemental Material S5). In several loci examined, these AT-rich regions occur in the vicinity of genes lacking E-boxes, perhaps reflecting dMyc association with as-yet-undefined binding proteins when dMax levels are limiting. REDUCE analysis of dMax binding regions failed to detect a binding correlation with CACGTG. However, when high levels of dMyc were expressed together with dMax-Dam, REDUCE analysis of dMax binding regions found the E-box significantly correlated with binding (data not shown). This is in accord with previous data that dMax homodimers bind only weakly to E-boxes, and that Max binding is largely directed by its heterodimeric partners (Berberich and Cole 1992; Fieber et al. 2001) . Perhaps the AT-(and CG-) rich sequences influence architecture of the binding site or serve as binding motifs for factors that enhance dMax network protein association with DNA.
Taken together, our data suggest a rather more complex picture of the functioning of Max network transcription factors then has been considered previously. The results suggest extensive yet specific interaction with chromatin probably encompassing thousands of binding sites and directly affecting expression of hundreds of genes. In addition, the DamID results indicate the possibility of several different modes of Myc, Max, and Mad/Mnt interactions. These include binding to partner proteins yet to be identified as well as potential cooperation with other transcription factors. Earlier experiments have shown that Myc and Mad expression is under tight control by the cell. Such control is likely to be important in balancing the multiple protein-protein and DNA binding interactions inferred from our data.
Materials and methods

Plasmids and constructs
Generation of chimeric Dam∼ proteins: Full-length cDNAs encoding Drosophila melanogaster Max, Mnt, Myc, and Myc ⌬ct, (amino acids 1-624) were cloned in either pNDam-9E10 or p9E10-CDam vectors resulting in the formation of either N-terminal or C-terminal Dam-fusion proteins. GAF-Dam was described previously (van Steensel et al. 2001) . For expression in Kc cells, the appropriate cDNAs were subcloned into heat shock (hs)-inducible pCasper vector or pMTV, a copper-inducible insect expression vector (Invitrogen). All constructs was verified by automated sequencing.
Cell culture, transfections, and reporter assays
Reporter assays were performed as described previously using pCI-Neo to express the different proteins in 293T cells (Laherty et al. 1997) . Kc167 Drosophila cells were maintained, transfected, and stained as described earlier (van Steensel et al. 1995; Henikoff et al. 2000) . Cells were treated with 0.2 µM 20-hydroxy ecdysone (Sigma) for 18 h where indicated. Cell cultures for microarray analysis were as follows: Where indicated, pMTV-dMyc (Cu +2 -inducible) was cotransfected in the presence of 0.5 mM CuSo 4 (Sigma), along with hs-dMax-Dam. Alternatively, cells were transfected with a plasmid coding for either hs-dMax (low Max) or copper-induced pMTV-dMax (high Max), or pMTV-dMax⌬Zip (⌬92-115) along with hs-NdamMyc. pMTV-dMax was also cotransfected with hs-dMnt-Dam. All assays were carried out in the absence of heat shock.
Microarray analysis and chromatin profiling
All chromatin profiles were performed as described (van Steensel et al. 2001 ) using spotted microarrays constructed from release 1 of the Drosophila Gene Collection (Rubin et al. 2000) and 430 additional cDNA and genomic sequences. Three independent experiments were performed for each of the proteins. In an additional experimental set the dye labeling was reversed for Dam and the fusion protein to exclude bias related to the dye. Microarray images were quantified using GenePix Pro v3.0 imaging software (Axon Instruments). Microarray results were analyzed using Cyber-T microarray analysis software (Baldi and Long 2001) and corresponding Bayesian-derived P values were adjusted for multiple hypotheses testing using a false discovery rate (FDR) method (Benjamini and Hochberg 1995) where FDR was set at 0.05. Additionally, dMnt-Dam versus dMnt-Dam control experiments were used to assess experimental array variation within the DamID assay. Accordingly, a lower-bound ratio threshold of log 2 0.58 (i.e., 3 × S.D.) was also imposed. For access to DamID primary data, see Supplemental Material S3.
Larval dMyc expression profile experiments
Fly strains: All transgenes are P[+] in w − strains. w + ;+;Act 5c > CD2 > GAL4 UAS-GFP (Neufeld et al. 1998 ); y w hs-FLP 122 ; +; UAS-dMyc (Zaffran et al. 1998 ). y w hs-FLP 122 ; +; +. Adult flies and larvae were raised in regular fly food consisting of cornmeal and molasses at 25°C. Larvae overexpressing either UAS-regulated dMyc;GFP or GFP alone transgenes were generated using the Flp/Gal4 method (Struhl and Basler 1993; Pignoni and Zipursky 1997; Neufeld et al. 1998) . Larvae were staged from hatching and raised at a density of 50 per vial at 25°C. Third instar larvae (110 h after egg deposition, AED) were heat shocked at 37°C for 2 h, and larvae were collected 7 h after heat shock (∼ 120 h AED). Total RNA was isolated using TRIzol reagent (Invitrogen) as described by manufacturer followed by RNeasy (Qiagen) clear up. cRNA targets were generated using a standard amino-allyl labeling protocol, where 30 µg each of "experimental" (dMyc;GFP: hs-FLP
122
; Act-GAL4, UAS-GFP; UAS-dMyc) and "reference" ; Act-GAL4, UAS-GFP; +) total RNAs were coupled to either Cy3 or Cy5 fluorophores. Paired labeled targets were processed on microarrays using protocols described elsewhere (Fazzio et al. 2001) . Posthybridized arrays were scanned using a GenePix 4000 scanner (Axon Instruments). Data were generated from five independent replicates (two with one dye orientation and three with the reversed dye orientation) at 7 h and four independent replicates (two with one dye orientation and two with the reversed dye orientation) at 14 h. Spot-level ratios were log 2 transformed and a loess normalization (f = 0.33) strategy was applied using S-Plus (MathSoft, Cambridge, MA) to correct for observed intra-array intensity-dependent ratio biasing. Expression data analysis was performed as described for DamID. Accordingly, any gene/est with a P value that meets the FDR = 0.05 criterion and has a fold-change outside of the range ±1.5 were identified as differentially expressed. Access to gene expression data is available as Supplemental Material (S4).
Motif-based regression analysis of Max network proteins binding using REDUCE
To identify motifs responsible for the preferential binding of the transcription factors studied, we used REDUCE, a tool originally developed for the analysis of gene expression data but which can also be used to analyze binding data. To remove any remaining bias attributable to the varying number of matches with GATC (the restriction site used in the DamID procedure) in the probe sequences, we first fitted a linear model based on GATC. The corrected log-ratios were subsequently analyzed as described (Bussemaker et al. 2001) using software available at http://bussemaker.bio.columbia.edu/reduce. REDUCE relies on standard linear regression of the binding log-ratio for each probe on the number of matches of a given motif to the DNA sequence associated with the binding log-ratio (i.e., the probed region plus flanking sequence).
The regression coefficient (slope) associated with each motif is determined by performing a least-squares fit of this model to the data; it estimates the contribution to binding to a locus by each occurrence of the motif. The value of R 2 for this fit is equal to the square of the Pearson correlation r between the binding log-ratio and the motif count; it measures the statistical significance of the regression coefficient. The P value associated with R 2 has to be corrected to control the family-wise error rate in the parallel test of a large number of motifs. We used the Bonferroni correction, which amounts to multiplying the P value by the total number of motifs tested. The complete REDUCE search results can be found in Supplemental Material S5.
Chromatin immunoprecipitation
Chromatin fixation and purification procedures were as described (Schubeler et al. 2000; Takahashi et al. 2000; Sawado et al. 2001) . Where indicated, cells were treated with 0.5 mM CuSO 4 . Immunoprecipitation of cross-linked DNA was carried out using the following antibodies: rabbit polyclonal ␣AcH 3 , ␣AcH 4 (Upstate), ␣dMnt mouse monoclonal antibodies (b8, b11; L. Loo, in prep.), and ␣dMyc mouse monoclonal (b10; Prober and Edgar 2002) . Duplex ␥ [P 32 ]-dCTP-labeled PCR reactions were preformed and quantified using "Storm" PhosphorImager system (Molecular Dynamics). Specific protein binding was measured as a comparison between the relative ratio of intensity of the specific target "bic" PCR products to the reference. The reference gene kismet (kis) had negative binding values for both dMyc and dMnt, was not detected as a target in the larval myc expression experiment, had linear amplification profile under the various conditions, and, therefore, serves as a loading control. Primer sequences can be found in Supplemental Material.
